CoSb3 based skutterudite thermoelectric material has superior thermoelectric properties, but the low fracture toughness prevents its widespread commercial application. To determine the origin of its brittle failure, we examined the response of shear deformation in CoSb3 along the most plausible slip system (010)/<100>, using large-scale molecular dynamics simulations. We find that the brittle failure of CoSb3 arises from the formation of shear bands due to the destruction of Sb4-rings and the slippage of Cooctahedraes. This leads to the breakage of Co-octahedraes and cavitation, resulting in the crack opening and mechanical failure.
Introduction
Thermoelectric (TE) materials are used to generate electricity from waste heat or as solid-state Peltier coolers. They play essential roles in decreasing fuel consumption, ranging from recovering waste heat from industrial heat-generating processes to using waste heat generated by vehicle exhaust to supplement or replace the alternator [1] [2] [3] [4] [5] . TE power generation devices, consisting of coupled n-and p-type TE materials, are being considered for the recovery of exhaust heat in automobiles [6] . CoSb3 based Skutterudite TE materials, which can be grown with both n-and p-types carriers, attract much attention worldwide recently because both heavily doped n-and p-type CoSb3 have excellent TE properties in the intermediate temperature range from 500 to 800 K [7] [8] [9] [10] [11] [12] [13] [14] . In addition, the inservice conditions for CoSb3 TE materials demand excellent mechanical properties of CoSb3, especially the resistance to crack opening [15, 16] . The brittleness of CoSb3 easily leads to the crack opening and fracture of CoSb3 based TE devices, hence preventing its extensively commercial application.
Mechanical properties of CoSb3 have been extensively investigated recently [17] [18] [19] [20] [21] [22] [23] . Ravi et al. reported the elastic moduli, flexural strengths and fracture toughness of both n-type doped CoSb3 and p-type CeFe3−xRuxSb3 skutterudite materials [17] . G. Rogl et al. provided a comprehensive compilation and discussion of mechanical properties of n-type and p-type filled CoSb3, including Vickers hardness, elastic moduli, fracture toughness, and yield failure stress [18] . Ruan et al. studied the low-cycle stress-controlled fatigue properties of CoSb3-based skutterudite compounds subjected to compression-compression fatigue [19] . Schmidt et al. reported temperature-dependent Young's modulus, shear modulus and Poisson's ratio of n-type Co0.95Pd0.05Te0.05Sb3 and p-type Ce0.9Fe3.5Co0.5Sb12 skutterudite thermoelectric materials [20] . Li et al. studied the tensile/ compressive mechanical behavior of nanoporous skutterudite CoSb3 and found that tensile/compressive elastic modulus of single crystalline CoSb3 decreased with the increasing porosity [21, 22] . Yang et al. performed molecular dynamics simulations to examine the stress-strain relationships of CoSb3, and found it to be a typical brittle material [23] . However, the origin of its brittleness remains unknown.
The failure mechanisms in metals and alloys are well known to involve the interplay of dislocations, grain boundaries, twins, and stacking faults defects. The situation for CoSb3 TE materials is far less sanguine. In our previous study, we applied density functional theory (DFT) to various slip systems and found that shearing along the (010)/<100> slip system is most likely to be activated under pressure [24] . We also found that the failure starts from the deconstruction of Sb-rings and collapse of the Co-Sb framework. However, the deformation mechanism after the initial bond break-age remains unknown because of the limited number of atoms in DFT calculations.
In this paper, to determine the deformation mechanism and illustrate the origin of the low fracture toughness, we use largescale molecular dynamics simulations based on Force Field (FF) to examine the shear deformation of CoSb3 along the most plausible slip system (010)/<100>. We find the shear deformation mechanism involved follows a series of steps. First, the Sb-Sb bonds start to break leading to the slippage of Co-octahedraes, resulting in the deconstruction of Sb4-rings and shear band formation. Then, further shear leads to the breakage of Co-Sb bonds and the deconstruction of Co-octahedraes, hence resulting in cavitation. Finally, the propagation of cavitation along the shear band leads to the crack opening and mechanical failure.
Methodology
Binary skutterudite CoSb3 crystallizes with the body-centeredcubic structure in the space group Im3, where the metal Co atom and pnicogen Sb atom occupy the c-site and the g-site, respectively ( Fig. 1) [25] . The unit cell consists of 4 distorted and tilted Cooctahedraes with Co atoms located at the center and octahedrally coordinated by the Sb atoms. In this arrangement, tilting of the Cooctahedraes gives rise to a formation of planar rectangular Sb4-rings.
All molecular dynamics (MD) simulations were performed using LAMMPS open-source software [26, 27] . The force field of CoSb3 is chosen from Yang's Morse bond interaction and angle interactions which gives good description on elastic properties [28] . This force field has been used to examine the tensile and compressive deformation of CoSb3 [23, 28] , validating its accuracy at large strain conditions. NPT and NVT ensembles are applied in the simulations using the Nose-Hoover thermostat (damping constant 100 fs) and barostat (damping constant 2000 fs) to adjust temperatures and pressures. Periodic boundary condition was applied for all three dimensions and a timestep of 1 fs is used in all the simulations. The Maxwell-Boltzmann distribution was used to assign initial atomic velocities based on the desired temperatures. The Verlet algorithm was used to integrate the equations of motion [29] . We chose the CoSb3 experimental crystal structure and relaxed the structure at 300 K and 0 GPa for 50 ps. This leads to the lattice parameter of a = 9.063 Å´, which agrees well with experimental value of a = 9.039 Å´at 300 K [25] . All shear calculations with (a, b, c) along (<100>, <010>, <001>) are performed on a 20 × 20 × 10 supercell of the cubic cell which contains 128,000 atoms. The simulation model has cell lengths of a = b = 18.23 nm, c = 9.115 nm. The system was relaxed for 50 ps to reach an equilibrium state at 300 K and 0 GPa. Then, the (010)/<100> shear loading was realized by changing the angle along xy direction with a NVT ensemble. The shear strain is the true strain and the shear stress is obtained from the summation of atomic stress over the supercell of the system. The temperature was kept at 300 K, 500 K, and 800 K respectively to examine the temperature effect. The strain rate was chosen as 1 × 10 8 s −1 and 1 × 10 9 s −1 respectively to examine the strain rate effect. Although the force field gives good description on the equilibrium mechanical properties, we tested the force field feasibility of describing the bond breaking process. Based on our previous quantum mechanics (QM) calculation on the shear deformation [24] , we obtained the sheared structures at various strains and relaxed the structure using the force field. The extracted Sb-Sb bond length with the increasing strain in QM and MD are compared in Fig. 2 and the Sb-Sb bond length changes in MD simulations are consistent The red atom and blue atom represent the Co and Sb atom respectively. The stress at each strain is plotted in Fig. 3(b) . The atomic configuration of CoSb3 is depicted by using the OVITO open visualization tool [30] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
to that in QM. At a strain of 0.32, the Sb-Sb bond totally breaks both in QM and MD, which verifies that this force field can correctly describe the bond breaking process. . In the shear system, τ linearly increases during the elastic region (strain 0 to 0.15). Then τ nonlinearly increases in the strain range 0.15-0.43, over which the secant modulus decreases. Finally, τ suddenly drops to zero with further increasing strain, indicating a typical brittle failure. The ultimate shear stress and failure strain are τ = 14.04 GPa and 0.4436, respectively. Fig. 4 displays the deformation mechanism shearing along the (010)/<100> slip system at 300 K with the strain rate of 10 8 s −1
Results and discussion
. Starting from 0 to 0.4383 strain, the system uniformly resists the external shear stress and approaches the maximum shear stress τ = 14.04 GPa with the atomistic structure shown in Fig. 4(a) . As the shear strain increases to 0.4395 (Fig. 4(b) ), the atomic disorder initiates due to the Sb-Sb bond breakage accompanied by Co-octahedraes slightly slipping. At this strain, τ slightly decreases to 13.97 GPa. As the shear strain continuous increases to 0.4405 at which point τ decreases to 13.22 GPa (Fig. 4(c) ), the atomic disorder grows continuously to the whole cell along x direction to form a shear band. This is attributed to the breakage of Sb4-rings accompanied by Co-octahedraes slipping further. Meanwhile, the other area (Fig. 4(c) ) also shows atomistic disorder, indicating the initial failure is a random process. With further shear strain increasing to 0.4412, the other shear band forms in the simulation cell. Simultaneously, the Co-Sb bond in the original shear band breaks, deconstructing the Co-octahedraes of CoSb3, hence leading to cavitation within the shear band (Fig. 4(d) ). At this point, τ sharply decreases to 11.18 GPa. Finally, the cavitation propagates throughout the shear band, leading to the crack opening (Fig. 4(e) ) and stress relaxation at 0.4431 strain, releasing τ to 3.68 GPa.
The shear deformation mechanism from MD shows that the SbSb bond breaks firstly in the failure process, indicating that the SbSb bond is much softer than the Co-Sb bond, which is consistent with our previous DFT results [24] . More importantly, we observe the shear band formation which cannot be observed in DFT because of the limited supercell size in DFT calculations. Then, the Co-Sb bond breaks, leading to the deconstruction of Co-octahedraes, initiating the cavitation and crack formation.
In order to illustrate the structural changes during the shear process, we computed the radial distribution function (RDF) within a 1.0 nm width band along the shear direction that include the shear band and fractured structure at different strains, as shown in Fig. 5(a) . The RDF shows that several strong peaks emerge from 2.4 to 4.5 Å 
Table 1
The temperature-dependent and strain rate-dependent ultimate shear stress and fracture shear strain of CoSb3 for shear along the (010)/<100> slip system. Strain rate (s in the intact crystal structure, representing 1st neighbor Co-Sb bond, 1st to 4th neighbor Sb-Sb bond, 2nd neighbor Co-Sb bond, and 1st neighbor Co-Co bond (Fig. 5(a) ). As the strain increases to 0.4405, some small peaks appear from 0 to 2 Å in the RDF spectra, which derives from the shear band formation. Meanwhile, the breakage of Sb4-rings leads to the structural disorder, resulting in the broadened and weakened peaks from 2.4 to 4.5 Å compared with that of the intact structure. As the strain further increases to 0.4412, the peaks from 0 to 2 Å dramatically increase, and the intensity of these peaks grow much stronger than that of peaks at strain 0.4405, suggesting a significant structural change (the collapse of the cage). At this strain, the peaks from 2.4 to 4.5 Å exhibit a typical amorphous character.
To further reveal the origin of shear deformation mechanism, we partitioned the whole cell into 10 bins along the <010> direction for shear along (010)/<100> (Fig. 5(d) ) and averaged the shear stress and the density within each bin size, as plotted in Fig. 5(b) and (c). At 0.4395 strain where the atomic disorder initiates, even though the Sb-Sb bond starts to break, the density of each bin is around the experimental value of 7.58 g/cm 3 , indicating the structure generally remains ordered. This results in the equal shear stress (13.97 GPa) across all bins. As the strain increases to 0.4405, the Sb4-rings start to collapse. This intensifies the slipping of Cooctahedraes, causing the collapsed region to propagate rapidly throughout the whole structure to form the shear band, leading to a dramatically increased density (8.05 and 7.99 g/cm 3 ) and a decreased τ (10.36 and 12.27 GPa). With increasing strain, the Cooctahedraes further slip and the shear band starts to contract since the density of shear band is much larger than that of the surrounding region. At strain 0.4412, the density further increased to 8.18 and 8.11 g/cm 3 , and the Co-Sb bond starts to break, which represents the deconstruction of Co-octahedraes, leading to a dramatically decreased τ (5.04 and 8.50 GPa), hence resulting in cavitation.
To examine the temperature and strain rate effects on the shear failure mechanism of CoSb3, we performed the same shear deformations at various temperatures of 500 K and 800 K and various strain rates of 10 8 and 10 9 s −1 . Fig. 3 and Table 1 display the temperature-dependent and strain rate-dependent shear responses and mechanical quantities, respectively. As the temperature increases from 300 K to 800 K, the ultimate τ decreases from 14.04 GPa to 13.46 GPa with a small drop of 4.13%, which can be attributed to the temperature softening effect. The fracture shear strain also slightly changes with the increasing temperature (0.4436 at 300 K, 0.4484 at 500 K, 0.4443 at 800 K, as shown in Fig. 3(b) ). The strain rate has no obvious effect on the ultimate τ. It slightly decreases the fracture shear strain from 0.4436 to 0.4360 as the strain rate decreases from 10 9 s −1 to 10 8 s −1
. Fig. 6 displays the fractured structures at 800 K with strain rate of 10 9 s −1 and 300 K with strain rate of 10 8 s −1 respectively. The shear band and cavitation clearly appear at 0.4425 strain and 0.4435 strain, respectively, indicating that the temperature and strain rate has little effect on the failure mechanism of CoSb 3.
The Co-Sb bond is much stronger than Sb-Sb bond [24] . Thus, when Sb-Sb bond breaks, τ slightly decreases from 14.04 GPa to 13.97 GPa (a → b in Fig. 3(b) ), while τ sharply decreases from 13.22 GPa to 11.08 GPa (c → d in Fig. 3(b) ) as Co-Sb bond breaks. More importantly, the breakage of Co-Sb bond indicates the deconstruction of Co-octahedraes, leading to cavitation. Thus, to improve the ductility of CoSb3, we suggest allowing the deformation to accommodate stress relaxation while avoiding the fracture of Co-octahedraes, hence preventing cavitation.
Conclusions
In summary, we used large-scale molecular dynamics simulations to examine the shear response of CoSb3 along the most plausible slip system (010)/<100> to illustrate the atomistic origin of its brittleness. We find that the failure of Sb-Sb bond leads to the breakage of Sb4-rings, which intensifies the slipping of Cooctahedraes, causing the collapsed region to propagate rapidly throughout the whole structure to form the shear band. The further slippage of Co-octahedraes leads to the breakage of Co-Sb bond, representing the deconstruction of Co-octahedraes, hence resulting in cavitation. The propagation of cavitation leads to the crack opening and shear failure.
